It is known that orbital angular momentum (OAM) couples the Goos-Hänchen and Imbert-Fedorov shifts. Here, we present the first study of these shifts when the OAM-endowed LG ℓ,p beams have higher-order radial mode index (p>0 ). We show theoretically and experimentally that the angular shifts are enhanced by p while the positional shifts are not. c 2012 Optical Society of America OCIS codes: 240.3695, 260.5430.
A bounded beam of light may experience a displacement and/or a deflection with respect to the geometric optics prediction upon reflection [1, 2] . These shifts are known as the Goos-Hänchen (GH) [3] and the Imbert-Fedorov (IF) [4, 5] shifts. A shift in the plane of incidence indicates that the beam underwent a GH shift while a shift that is perpendicular to the plane of incidence connotes an IF shift. Moreover, these shifts are further distinguished because of their positional and angular parts [1] . The positional shift is the displacement of the center point of reflection while an angular shift happens when the beam deflects and propagates with a slight deviation from the law of reflection. The angular shift is responsible for the increasing beam excursion from the geometric optics prediction with propagation. All these shifts are in the order 0.1-10 wavelengths for the positional shifts and micro-to milliradians for the angular shifts.
These shifts may occur simultaneously or separately. Their presence depends on the polarization of the incident beam [1] [2] [3] [4] [5] , the index gradient seen by the beam [6, [8] [9] [10] , the beam's divergence (opening angle of the beam) [1, 7, 11] and, as emphasized recently, on the modal structure of the beam [12] [13] [14] [15] [16] . In works that involve modal structures, the Laguerre-Gaussian beam is used as the definitive beam because of its orbital angular momentum (OAM). The OAM of light couples the four beam shifts (the positional GH and IF shifts and their angular counterparts). First described in [12] , we subsequently proposed a matrix which was validated with experiments, that neatly summarizes this mixing [13] . But since we considered only the case of a LG radial mode index that is zero (p = 0), that matrix is only explicitly dependent on the azimuthal mode index, ℓ. The most important result of [13] is the measurement of the OAMinduced positional GH and IF and the OAM-affected angular GH and IF shifts for ℓ = −1, 1. We extended the measurement for |ℓ| > 1 in [17] . The shifts are found to be linearly enhanced by the OAM.
In this Letter, we answer the question to what degree the complete spatial mode of a beam affects these shifts.
We first do theoretical calculations and extend our previous matrix formulation to the case of p > 0 . Next we report experiments on shifts associated with higher-order mode Laguerre-Gaussian modes of different azimuthal and radial mode indices.
Laguerre-Gaussian modes are a set of solutions of the paraxial wave equation of the form given by
where x = r cos φ, y = r sin φ, w 0 is the fundamental beam waist, L = k 0 w 2 0 /2 is the Rayleigh length,
2 is the beam waist at z, k 0 is the center wave vector, and L ℓ p (x) denotes the generalized Laguerre polynomial of order (ℓ, p) with p ≥ 0 and ℓ as integers. This beam is characterized by the indices |ℓ| and p , where ℓ is the azimuthal mode index and p + 1 is the number of radial nodes [18] . There has been little interest in the index p ; mainly for use in optical manipulation and trapping [19] [20] [21] [22] . However, higher LG modes (p, |ℓ| > 0) are increasingly being noticed, for instance in gravitational wave detection. As a matter of fact, some tabletop experiments are being done to test their suitability [23] [24] [25] .
The theoretical derivation of the effect of the radial mode index follows from [1, 13] . The incident and reflected beams are assumed to be Gaussian. The incident beam is then decomposed into plane wave components and the Fresnel reflection coefficients are applied to the s and p polarization components of the wave, respectively. The shift is obtained by summing all the reflected plane wave components, and taking the centroid of the intensity distribution.
Following the notation in [13] and noting that we are using a median detector [26, 27] , we arrive at a matrix which is explicitly dependent on both ℓ and p , given by,
where
with w s/p = R 
It follows from (2) that the positional shift is not affected by the p index. Only the angular shift components are influenced by it. Moreover, the matrix elements M 22 and M 44 are the same. This means that the enhancements of the angular GH and IF shifts are the same.
Our experimental setup is shown in Fig. 1 . We use an open cavity HeNe laser (λ = 632.8nm) and placed two crossed copper wires (d ∼ 90µm) inside the cavity. The wires force the cavity to emit a higher-order Hermite-Gaussian mode (HG m,n ). The integer mode indices m and n can be dialed by properly shifting the intracavity wires. With an astigmatic mode converter, the HG m,n modes are then converted into LG ℓ,p modes with transformations ℓ = m − n and p = min(m, n) as described in [28, 29] . L1 is the mode matching lens while lens L2 collimates the beam. The beam then passes through an LC variable retarder (LVCR) which sets the beam's polarization state. The LCVR (Meadowlark) is driven by a square wave generator at 2. After the polarization conditioning, the beam is made to reflect at different incident angles θ i on a BK7 prism (n = 1.51) mounted on a θ − 2θ rotation stage. The position of the reflected beam is measured by a quadrant detector (QD) whose signal is fed to the lock-in amplifier. These are done for different combinations of ℓ and p. Figure 2 shows the measured matrix element M 12 as function of ℓ and with different values of p . The measured values collapse to the M 12 = −2ℓ line. This is correctly predicted by our theory. The matrix element changes linearly on ℓ but is independent on p. We have experimentally verified that the positional GH shift is not affected by the radial mode index (not shown).
The measured M 22 is shown in Fig. 3 . The theoretical predictions are calculated from ξ (ℓ, p) for different ℓ and p values. For p > 0 we obtained greater enhancements. This confirms our theoretical prediction of the effect of p on the angular shifts. At p = 0, the angular IF shift linearly increases as 1 + 2|ℓ|. Furthermore, had we used a centroid detector the increase of the angular shift would have been ξ (ℓ, p) = 2p + |ℓ| + 1, a linear increase with p.
In conclusion, we have theoretically described and experimentally measured the positional GH shift and angular IF shifts for higher-order LG ℓ,p to determine the role of mode indices ℓ and p. Specifically, we have observed that only the azimuthal index ℓ affects the positional shift while the angular shifts are enhanced by both the radial p and the azimuthal ℓ indices. Higherorder LG ℓ,p beams form a complete basis set for paraxial light beams contrary to LG ℓ,p=0 [18] . Hence with proper mode decomposition, beam shifts associated with arbitrary modes of light can be predicted based on our theoretical and experimental results.
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